Abstract: The goal of this study was to determine the incidence of avascular necrosis of the femoral head (AVNFH) after intramedullary nailing of femoral shaft fractures and to identify risk factors for developing AVNFH.
INTRODUCTION
I ntramedullary (IM) nailing has been widely used as the gold standard treatment of femur shaft fractures, and many studies have reported excellent results with this technique. [1] [2] [3] Although the potential complications include angular or rotational malalignment, delayed union, nonunion, and infection, avascular necrosis of the femoral head (AVNFH) after antegrade IM nailing has been reported as a rare complication. [4] [5] [6] AVNFH after IM nailing is more common in skeletally immature adolescents than in adults. [7] [8] [9] [10] [11] [12] [13] In skeletally mature patients, we found only 3 cases of AVNFH after IM nailing for femoral shaft fractures. [4] [5] [6] Few studies have evaluated the epidemiology of AVNFH after femoral IM nailing, especially in adults; therefore, we conducted this retrospective descriptive multicenter study. The goal of this study was to determine the incidence of AVNFH after antegrade IM nailing of femoral shaft fractures and to identify the risk factors for AVNFH.
PATIENTS AND METHODS
The medical records of patients who presented with a femoral shaft fracture from January 2010 to June 2014 were retrospectively obtained from an institutionally approved, multicenter (10 institutions) orthopedic database. The inclusion criterion was treatment of a femoral shaft fracture with an antegrade interlocking IM nail at 1 of the 10 institutions. The exclusion criteria were pathologic fractures, ipsilateral femoral neck fracture, femoral shaft fractures extending to the intertrochanteric or subtrochanteric area, patients taking immunosuppressive agents, divers, and patients with <1 year of follow-up. Reported AVNFH rates of femoral neck fracture combined with ipsilateral femoral shaft fracture vary from 0% to 22% with an average rate of 5%, 14 so we excluded it. The incidence of AVNFH after trochanter fixation was reported as 1.37% within the first 2 years of injury, 15 which could affect the development of AVNFH when femur shaft fracture extended to the intertrochanteric or subtrochanteric area, so we decided to exclude this kind of fractures. Patients were followed clinically and radiographically until fracture union, and then annually. At final follow-up, each patient was evaluated by the treating surgeon. Diagnosis of AVNFH was made a combination of clinical symptoms, plain radiographs, or magnetic resonance imaging (MRI). Radiographs of all patients were reviewed by 2 independent observers, who did not participate in clinical care. Data regarding age, sex, and fracture pattern including open fractures as well as the entry point of the femoral nails were recorded. The reviewed clinical course involved the incidence of AVNFH and the time interval from the surgery to AVNFH.
In total, 703 patients were enrolled. Of these, 161 patients were excluded from the study (Figure 1 
Statistical Analysis
All statistical analyses were performed using PASW Statistics version 23.0 (IBM Corp., Armonk, NY). Statistical significance was set at P < 0.05. The incidence of AVNFH between the groups was compared using the chi-square test or Fisher's exact test when 1 or more cell of the cells has an expected frequency of 5 or less. Multiple logistic regression (stepwise) models were used to evaluate risk factors associated with AVNFH.
RESULTS
The overall incidence of AVNFH after antegrade IM nailing of femoral shaft fractures was 0.2% (1 of 542 patients): the patient was a 15-year-old boy (Figure 2) . However, the incidence of AVNFH after antegrade interlocking IM nailing for in adults was 0%. There were no recorded intraoperative complications. There were 15 cases (2.8%) of nonunion, 2 cases (0.4%) of delayed union, 1 case (0.2%) of infection, and 1 case (0.2%) of peri-implant fracture.
The incidence of AVNFH according to open fracture, open physis, and age is summarized in Table 1 . In 25 patients with open physis, the incidence of AVNFH was 4.0%, whereas in 517 patients with closed physis, the incidence of AVNFH was 0.0%; this difference was significant (P < 0.001). The incidence of AVNFH in patients aged <20 versus 20 years was 1.1% (1 of 93 patients) and 0.0% (0 of 449 patients), respectively, and this difference was not significant (P ¼ 0.172). In 61 patients with open fractures, the incidence of AVNFH was 0%. The number of cases with an entry point at the trochanteric fossa or the tip of the GT was 324 and 218, respectively, and the 
DISCUSSION
The present study showed that the overall incidence of AVNFH after femoral IM nailing was 0.2% and that the incidence was 0.0% in adults. In addition, the incidence of AVNFH in the patients with open femoral physis was higher than that with closed physis. Previous reports on AVNFH in adolescents have highlighted the risk of AVNFH after femoral IM nailing, but our results indicate that the risk is very low in adults. Contrary to adults, the incidence of AVNFH after femoral IM nailing in adolescents reportedly ranges from 1.4 to 2.0%; 16 our results also showed an incidence of 1.1% in adolescents aged <20 years and 1.5% in patients aged <18 years. A systemic review article including 19 studies of 458 skeletally immature patients showed that the incidence of AVNFH was 2.0% with a trochanteric fossa entry point, 1.4% for an entry point at the tip of the GT, and 0.0% for an entry point lateral to the GT. 16 However, our study also demonstrated that AVNFH never occurred in adults, regardless of the entry point. One theory of the etiology of AVNFH after femur IM nailing is vascular injury of the medial femoral circumflex artery (MFCA) and/or the superior retinacular artery during entry to the trochanteric fossa. Dora et al 17 found that a trochanteric fossa entry point damaged either the deep branch of the MFCA or its distal superior retinacular artery in 100% of cases (7/7 cadavers) and warned about the risk of AVNFH after femur IM nailing at the trochanteric fossa. The number of reported cases of AVNFH in adults is very limited despite general use of the trochanteric fossa entry point, and none of these studies provide a satisfactory explanation for this discrepancy. A recent cadaver study showed a different result. Schottel et al 18 studied the effect of an antegrade femoral IM nail on femoral perfusion and found no obvious damage to the deep MFCA with entry at either the trochanteric fossa or the tip of the GT; additionally, quantitative MRI revealed nearly full femoral head perfusion (95% and 97%, respectively). Therefore, this cadaver study supports our finding that the risk of AVNFH development following antegrade femoral nailing is extremely low in adult patients. In addition, surgeons should pay attention of risk of AVNFH after IM nailing in skeletally immature patients with open femoral physis.
We attempted to explain AVNFH development following antegrade femoral nailing in adults, which were reported in 3 literatures. [4] [5] [6] The first cadaver study did not use an image intensifier because it was not possible in the dissection room. 17 It is not a standard technique, and the surgeons inserted an awl at the entry point by palpation of anatomic landmarks such as the piriformis tendon, which would possibly lead to incorrect positioning. A recent cadaver study found that 40% of trochanteric fossa entry points were within 1 mm of the deep branch of the MFCA, meaning that 1 mm of posteromedial malpositioning can damage the deep branch of the MFCA. In cases of AVNFH in adults, the authors thought the entry point to the trochanteric fossa was more medial and that the large diameter (10 mm) of the proximal nail tip impinged the blood supply of the femoral head; these factors may have jeopardized the vascular supply to the femoral head, leading to AVNFH. 4 Therefore, we hypothesize that these vessel injuries could cause AVNFH. Another possible cause of AVNFH seems to be the forceful use of an awl in the wrong direction or multiple entry points, which can injure the blood supply of the femoral head. 17 Why AVNFH after femoral IM nailing is relatively more common in adolescents than adults remains unclear. However, we hypothesize that the MFCA injury is more common in adolescents than adults because this injury is seemingly more likely to occur in relatively smaller-sized patients, 19, 20 and epiphyseal viability is more dependent on the blood supply from the MFCA through the lateral epiphyseal vessels due to the adjacent open physis in the proximal femur. 19 In their systematic review of adolescent patients, MacNeil et al 16 reported that AVNFH after IM nailing with trochanteric fossa insertion was more frequent than at any other entry point of the tip of the GT or the lateral aspect of the GT (2.0%, 1.4%, and 0.0%, respectively). However, our results showed that the entry point did not matter in terms of development of AVNFH in adults.
This study has several limitations. First, because this study was performed at 10 centers, there may have been multicenter study bias. Although all surgeons were experts, a potential for bias was present because the surgeries were performed in different centers. However, because we performed a standard surgical procedure based on basic fracture repair principles, the potential for bias is expected to be minimal. Another source of bias may have arisen in patient selection. Because this study was performed at Level I trauma centers or tertiary referral hospitals with a significant number of patients with high-energy injuries, this may have subjected the data to selection bias. Finally, the minimal follow-up period of the present study was 12 months, which is not sufficient to determine the occurrence of AVNFH, leading to possible underestimation of the incidence of AVNFH. However, it should be considered that enrolling a large number of patients with a minimum of 24 to 36 months is difficult in clinical situation, and most patients with discomfort tend to revisit their hospital. Despite these limitations, this study made significant findings that there was no case of AVNFH following antegrade IM nailing regardless of the entry point in our patients aged 20 years with an isolated femoral shaft fracture. Therefore, our findings indicate that the risk of AVNFH development following antegrade femoral nailing is extremely low in adult patients, and we believe that antegrade IM nailing is a safe procedure for the femoral shaft fractures.
